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Methods and Results In a canine model, regional coronary ischemia was accomplished by 1 hour of left anterior descending coronary artery ligation, and follow-up studies were performed after reperfusion for 1 hour, 48 hours, 2 weeks, or 9 weeks. Vasorelaxation was measured in vitro with preconstricted epicardial coronary artery rings subjected to increasing concentrations of the endothelium-dependent vasodilator ADP and the endothelium-independent vasodilator nitroprusside. At 1 and 48 hours of reperfusion, relaxation of rings from the ischemic reperfused artery to ADP was blunted, but relaxation to nitroprusside was normal. At 2 weeks there was a nonsignificant trend toward a blunted response to ADP in the ischemic/reperfused rings, and at 9 weeks a completely normal response to ADP was observed. Coronary microvascular permeability was assessed by measurement of protein leak T here is abnormal epicardial coronary artery endothelium-dependent relaxation after ischemia due to 1 hour of coronary artery ligation and 1 hour of reperfusion in experimental animal models.1-4 Endothelium-dependent relaxation is normal when coronary arteries are exposed to ischemia without reperfusion.' Evidence of microvascular coronary endothelial injury manifested by increased permeability to serum proteins in regions exposed to ischemia and reperfusion has also been reported. [5] [6] [7] Ultrastructural abnormalities in the endothelium in epicardial coronary arteries and in the coronary microcirculation after ischemia and reperfusion have been observed on electron micrographs at 1 hour of reperfusion in canine models. 1"6 However, there is very little information available concerning the time course of reperfusion-induced coronary endothelial injury. Most models have used only 1 or 2 hours of reperfusion before the study of endothelial function or histology.1-7 If these models are relevant to clinical settings in which reperfusion injury could occur, it would be useful to know the outcome of the endothelial abnormalities over subsequent weeks or months. Whether healing occurs and when it occurs have not been clear. One laboratory has reported that abnormal epicardial coronary artery endothelium-dependent relaxation to platelets or platelet products is demonstrable in vitro 12 weeks after a transient episode of regional ischemia.8 Paradoxically, it has been reported that when the endothelium in coronary epicardial arteries has been injured by mechanical means in vivo, it regenerates within a week,9-10 with recovery of normal endotheliumdependent relaxation.'0 There has been no information about the time course of reperfusion-induced coronary microvascular endothelial injury and healing.
We studied a canine model in which the left anterior descending coronary artery (LAD) was transiently ligated for 1 severe ischemia (Figs 2 and 3) . At 1 hour, the mean PLI in the normal, nonischemic region (flows >80 mL-100 g-1 . min-1) was significantly less than in the regions with flows of .20 mL-100 g`* min' and 21 to 50 mL *100 g-1* min-1. At 48 hours, the flow in the normal region (>80 mL. 100 g`1 . min-1) was significantly less than in all the other regions. There were no significant differences at any flow level between the PLI at 1 houir and at 48 hours of reperfusion. At 2 weeks, the PLI was significantly less within the central infarct regions than at 1 or 48 hours of reperfusion. However, although the difference was small, the 2-week PLI in the most severely ischemic region (flow .20 mL* 100 g-1* min-1) was significantly greater than Transmission electron photomicrograph of a section of the left anterior descending coronary artery, which had been exposed to 1 hour of ischemia and 48 hours of reperfusion. Magnification is x7000. The endothelial cells are structurally intact with tight interendothelial cell junctions. However, swelling of the endothelial cells causes them to protrude unevenly into the lumen. There was also widening of the subendothelial space probably due to edema. The swelling and subendothelial edema were not present in photomicrographs of the left circumflex coronary artery (which was not exposed to ischemia) from the same dog.
in the normal (flow >80 mL* 100 g`1 min') region (P<.05). Within the normal regions, the PLI was significantly less at 2 weeks than at 48 hours of reperfusion, but there was no significant difference from the result in the normal region at 1 hour of reperfusion.
At 9 weeks of reperfusion, there were no statistically significant differences in PLI between the ischemic and nonischemic zones (Fig 2) . The PLI in the central infarct region was significantly lower than in the corresponding regions at 1 hour and 48 hours but was not significantly different from the result at 2 weeks of reperfusion. In the normal regions, the PLI at 9 weeks of reperfusion was significantly less than at 48 hours of reperfusion but did not differ from results at 1 hour or 2 weeks of reperfusion.
Electron Microscopy
Electron microscopy was done in 2 dogs at 48 hours and 1 dog at 2 weeks of reperfusion. Abnormalities were observed in most photomicrographs of LAD or myocardial sections exposed to ischemia and reperfusion for 48 hours. However, the vascular abnormalities were generally not severe -in most cases the basic architecture of the endothelial cells was preserved and the interendothelial junctions were intact. The most common abnormal finding in the LAD, as illustrated in Fig 4, was swelling of endothelial cells with subendothelial edema, resulting in uneven protrusions of endothelial cells into the lumen. A few sections of the LAD showed denudation of some endothelial cells (Fig 5) . Vacuoles were not a prominent feature in the endothelial cells at 48 hours, although we have found them to be present in previous studies we have done at 1 hour of reperfusion.1,6 Remarkably, the endothelial cells in venules and arterioles in the infarcted regions at 48 hours often lacked severe abnormalities. In Fig 6, which shows a venule in the midst of a severely damaged myocardial region, the endothelial cells appear to be mostly intact. Subtle abnormalities were noted in the microcirculation in some photomicrographs, with an example being the widened interendothelial junction in a venule from the infarcted zone shown in Fig 7. The sections examined at 48 hours, which were obtained from the LCx or from sections of myocardium that were not exposed to transient ischemia, were normal. The photomicrographs of the LAD and the microcirculation in the infarcted zones at 2 weeks were normal, except for evidence of myocardial damage in the infarcts.
Discussion
We and others have reported that in studies performed at 1 to 2 hours of reperfusion after 1 hour of coronary occlusion there is evidence of coronary endothelial injury.1-7,12-14 However, it has not been clear whether the abnormalities are transient or permanent. Therefore, we examined the time course of reperfusioninduced endothelial injury and healing by studying a series of reperfusion periods ranging from 1 hour to 9 weeks. We used three techniques: assessment of epicardial coronary artery endothelium-dependent relaxation FIG 5. Transmission electron photomicrograph of a section of the left anterior descending coronary artery exposed to 1 hour of ischemia and 48 hours of reperfusion. Magnification is x7000. In the center is a portion of the lumen where an endothelial cell has been denuded. There appears to be some tissue reaction at the site (dark area). The neighboring endothelial cells may be slightly damaged because intracellular organelles are less well defined than in other visible endothelial cells. Slight widening of the subendothelial space is seen. in vitro; assessment of vascular permeability to serum proteins in vivo, an index of microvascular endothelial function; and transmission electron microscopy to evaluate structural integrity of the endothelium in both epicardial coronary arteries and the microcirculation.
There was blunted relaxation in the ischemic/reperfused epicardial coronary artery rings to the endothelium-dependent, guanylate cyclase-dependent, vasodilator ADP at 1 hour and 48 hours of reperfusion. However, although there was a trend toward slight blunting of the relaxation of the ischemic/reperfused rings to ADP at 2 weeks, there was no statistical evidence of differences from the responses of the normal rings. At 9 weeks the responses to ADP were equivalent in the rings exposed to ischemia and reperfusion and the normal rings. As expected, responses to the endothelium-independent vasodilator nitroprusside, which directly activates guanylate cyclase in vascular smooth muscle, were normal at all time periods. Therefore, exposure to ischemia followed by reperfusion resulted in transient injury to the epicardial coronary artery endothelium without alteration in the capacity of the vascular smooth muscle to respond to guanylate cyclase activation. The epicardial coronary endothelial dysfunction was present for at least 48 hours but was completely or nearly completely healed within 2 weeks.
The measurement of PLI has proved to be a highly sensitive method to detect regional microvascular endothelial injury in the coronary circulation.67 The use of radiolabeled erythrocytes minimizes the effect of regional variation in perfusion and allows intravascular protein (transferrin) to be distinguished from extravascular protein. Vascular permeability is assessed by normalizing the rate of extravascular radiolabeled protein accumulation for intravascular radiolabeled protein concentration and surface area.6 Evidence has been presented that protein leak estimation is more sensitive and specific as a measure of microvascular permeability than methods that measure plasma proteins without normalizing for intravascular volume with labeled erythrocytes.6 '15 At both 1 and 48 hours of reperfusion an inverse relation was present between regional blood flow during coronary ligation and the PLI. The mean PLI in the two most ischemic regions (c50 mL* 100 g`min') was approximately 2.5 times levels in the normally perfused regions (Fig 2) . Thus, the microvascular injury present at 1 hour of reperfusion persisted for at least 48 hours.
When the PLI was measured after 2 weeks of reperfusion, the levels were markedly reduced from those observed at 48 hours in the regions that had been ischemic during coronary occlusion. However, a small statistically significant elevation in PLI was still present in the most ischemic region compared with the normal region. Therefore, substantial but not quite complete recovery of the injured microvascular endothelium had occurred by the end of 2 weeks. It is of interest that the decrease in PLI was not only noted in the previously ischemic regions, where it was most marked, but also occurred in the regions where flow was normal (>80 FiG 6. Transmission electron photomicrograph in a section of infarcted myocardium obtained from a heart reperfused for 48 hours. Magnification is x32 500. The venule in the center of the photomicrograph has largely intact endothelium, although there is extensive damage in the surrounding myocardium with loss of the usual striated appearance of the cardiac muscle. There is an endothelial cell at the upper right that has a pseudopod-like projection that could reflect injury, but this could also be fixation artifact.
mL. 100 g min ) or only slightly decreased (51 to 80 mL' 100 g`'min'). Apparently there was minimal functional injury at 48 hours in regions that were not transiently rendered ischemic. At 9 weeks of reperfusion there was no evidence of an inverse relation between myocardial blood flow during coronary occlusion and PLI during reperfusion -the PLI was low in all regions. Therefore, because by 9 weeks coronary microvascular permeability had returned completely to normal, the endothelium was no longer dysfunctional.
Information on the time course over days or weeks of coronary vascular injury due to ischemia and reperfusion has been sparse. Our results differ from a previous study in which endothelium-dependent relaxation of canine epicardial coronary rings transiently exposed to 1 hour of ischemia was studied 12 weeks afterward. 8 In that study, responses to platelets and the platelet products ADP, serotonin, and thrombin were reported to be abnormal.8 Our results are in closer agreement with a report in which there was regrowth of coronary endothelium and return of function in vivo within 10 days after mechanical denudation in dogs'0 and with a report of rapid regeneration of mechanically injured vascular endothelium in rats .9 There have been no previous studies on the long-term outcome of microvascular injury due to ischemia and reperfusion. Our findings with a highly sensitive estimate of coronary microvascular leak in vivo and assessment of epicardial coronary artery endothelium-dependent relaxation in vitro are evidence that there is functional recovery of endothelium damaged by exposure to ischemia and reperfusion, which is nearly complete within 2 weeks and complete within 9 weeks. Although recovery in these two different regions of the coronary circulation was parallel, there was some apparent regional variation. At 2 weeks there were no significant differences in epicardial artery relaxation, but a difference was still present in protein leak. This could reflect differences in rates of recovery or in sensitivity of the different measurements used. In addition, the microcirculation may be more susceptible to reperfusion injury than the epicardial coronary arteries. '3 Electron microscopy demonstrated the presence of mild endothelial structural abnormalities at 48 hours of reperfusion. The functional abnormalities may have been more severe than the structural abnormalities at 48 hours of reperfusion. The electron micrographs at 2 weeks did not show endothelial abnormalities. Therefore, structural integrity was regained within 2 weeks. We previously reported abnormalities on electron microscopy at 1 hour of reperfusion. 6 Susceptibility to these abnormalities is likely to decrease rapidly within 9 weeks after the initial event as the endothelium recovers. Such a hypothesis is compatible with reports of a high incidence of new adverse coronary events after successful coronary reperfusion with a thrombolytic agent,21 and with increased responsiveness to ergonovine, a provocative stimulator of coronary artery spasm in the postinfarction period. 22 However, extrapolation to clinical settings from animal models should be done only with caution and skepticism.
In summary, we present evidence that during reperfusion following an hour of ischemia due to coronary artery ligation in a canine model there is regional endothelial injury evident at 1 and 48 hours of reperfusion involving the epicardial coronary arteries and the coronary microcirculation. By 2 weeks of reperfusion, there is substantial functional recovery of the abnormalities in epicardial artery relaxation and microcirculatory permeability, and there are no longer histological abnormalities by electron microscopy. By 9 weeks of reperfusion complete functional recovery has occurred.
